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What I will NOT talk about:

7s 2S½

6d 2D3/2,5/2

5f 2F5/2,7/2

8s 2S½

8p 2p1/2,3/2
7d 2D3/2,5/2

9s 2S½

9p 2p1/2,3/2 ?

?

There still loads 
unexplored stuff in Fr

7p 2P1/2,3/2

energy levels, lifetimes, hfs, 
isotope shifts …

Francium plus

Diagramme d’énergie du Francium +

24

Le problème du francium +

5

I do have ideas also about 
measurements on Fr+



This suggestion has two, 
equally important, aspects

•Fundamental science: hyperfine 
anomaly, Bohr-Weisskopf effect, 
extended study of IS and HFS 

•Methodological advancement: two-
photon doppler-free spectroscopy on a 
(radioactive) ion beam



Bohr-Weisskopf
Hyperfine anomaly

H = a I ⋅ J

Extended nucleus   
modified by two effects

⇒ apoint

1. Extended charge distribution: 
Breit-Rosenthal 

2. Extended and distributed nuclear 
magnetization: Bohr-Weisskopf

a = apoint (1 + εBW)(1 + εBR)

If two isotopes are compared:

a1

a2
≈

gI(1)
gI(2)

[1 + Δ2
BW]

Δ2
BW ≡ εBW(1) − εBW(2) gI =

μI

I

independent measurements 
needed:

1.  nuclear gyromagnetic ratio
2.  hfs interaction constants

both with accuracies  ≈ 10−4
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The Jonas table …

Rb: three pairs of isotopes, d-states also measured 

J.R. Persson Atomic Data and Nuclear Data Tables 154 (2023) 101589

Table 1
Experimental data of hyperfine anomaly values in atomic systems.
Element isotope 1 spin 1 isotope 2 spin 2 Atomic state/s-anomaly 1�2 (%) Reference

Li 6 1 7 3/2 2s 2S1/2, s-anomaly 0.0068067(8) [25]
3s 2S1/2, s-anomaly 0.054(21) [25]
2p 2P1/2 �0.1734(2) [25]
2p 2P3/2 �0.155(8) [25]

N 14 1 15 1/2 2p3 4S3/2 0.0999(4) [73]
Na 23 3/2 24 4 3s 2S1/2, s-anomaly 0.0013(30) [31][45]
Mg 25 5/2 23 3/2 3s 2S1/2 - 3p 2P1/2 (�s � �p) �0.04(8) [102]
Cl 35 3/2 37 3/2 3p5 2P3/2 �0.00381(2) [72]
K 39 3/2 37 3/2 4s 2S1/2, s-anomaly �0.249(35) [87]

39 3/2 40 4 4s 2S1/2, s-anomaly 0.467(2) [25]
39 3/2 41 3/2 4s 2S1/2, s-anomaly �0.22937(13) [31][25]
39 3/2 42 2 4s 2S1/2, s-anomaly 0.336(38) [46]
39 3/2 38 3 4s 2S1/2 - 4p 2P1/2 (�s � �p) 0.53(44) [83]
39 3/2 40 4 4s 2S1/2 - 4p 2P1/2 (�s � �p) 0.43(17) [83]
39 3/2 41 3/2 4s 2S1/2 - 4p 2P1/2 (�s � �p) �0.23(31) [83]
39 3/2 42 2 4s 2S1/2 - 4p 2P1/2 (�s � �p) 0.99(36) [83]
39 3/2 44 2 4s 2S1/2 - 4p 2P1/2 (�s � �p) 0.47(47) [83]
39 3/2 46 2 4s 2S1/2 - 4p 2P1/2 (�s � �p) 0.40(39) [83]
39 3/2 47 1/2 4s 2S1/2 - 4p 2P1/2 (�s � �p) 0.28(16) [83]
39 3/2 48 1 4s 2S1/2 - 4p 2P1/2 (�s � �p) 0.57(35) [83]
39 3/2 49 1/2 4s 2S1/2 - 4p 2P1/2 (�s � �p) 0.24(29) [83]
39 3/2 51 3/2 4s 2S1/2 - 4p 2P1/2 (�s � �p) 0.57(250) [83]

V 50 6 51 7/2 3d34s2 4F5/2 0.0007(10) [79]
3d44s 6D1/2 0.034(60) [53]

Cu 63 3/2 65 3/2 3d104s 2S1/2 0.004861(9) [78]
3d94s4p 4P5/2 0.00340(11) [78][32]
3d94s4p 4P9/2 0.00305(17) [78][32]

Ga 69 3/2 67 3/2 4p 2P1/2 �0.00050(7) [80]
4p 2P3/2 0.00200(16) [80]

69 3/2 71 3/2 4p 2P1/2 0.00063(6) [80]
4p 2P3/2 �0.00252(12) [80]

71 3/2 72 3 4p 2P1/2 0.0043(6) [80]
4p 2P3/2 �0.0170(18) [80]

As 75 3/2 70 4 4p3 4S3/2 �0.35(2) [71]
Br 79 3/2 81 3/2 4p5 2P3/2 �0.00003(4) [37][77]
Rb 85 5/2 84 2 5s 2S1/2, s-anomaly �1.7(1.0) [23]

85 5/2 86 2 5s 2S1/2, s-anomaly 0.17(9) [35]
85 5/2 87 3/2 5s 2S1/2, s-anomaly 0.35141(2) [25]

6s 2S1/2, s-anomaly 0.361(19) [25][65][66]
7s 2S1/2, s-anomaly 0.342(3) [25]
5p 2P1/2 0.55(8) [25]
5p 2P3/2 0.168(5) [25]
6p 2P1/2 0.31(7) [25]
6p 2P3/2 0.46(5) [25]
4d 2D3/2 0.347(4) [81]
4d 2D5/2 0.41(9) [97]
4d 2D5/2 0.60(15) [25]
5d 2D3/2 0.279(6) [25]
5d 2D5/2 0.44(5) [25]

Mo 95 5/2 97 5/2 4d55s 7S3 �0.0101(2) [41]
Ru 99 5/2 101 5/2 s-anomaly �0.0173(1) [42]
Ag 107 1/2 103 7/2 4d105s 2S1/2 �3.4(1.7) [98]

107 1/2 108 1 4d105s 2S1/2 �2.6(7) [55]
107 1/2 109 1/2 4d105s 2S1/2 �0.41274(29) [56]
107 1/2 109m 7/2 4d105s 2S1/2 �3.8(4.1) [93]

�0.85(1.19) [93], µI from [58]
107 1/2 110 1 4d105s 2S1/2 �3.1(1.4) [55]
107 1/2 110m 6 4d105s 2S1/2 �2.88(13) [91]

Cd 111 1/2 107 1/2 5s 2S1/2 �0.14(3) [101]
111 1/2 109 5/2 5s 2S1/2 �0.14(3) [101]
111 1/2 113 1/2 5s 2S1/2 �0.02(3) [101]
111 1/2 113m 11/2 5s 2S1/2 �0.13(3) [101]
111 1/2 115 1/2 5s 2S1/2 0.02(3) [101]
111 1/2 115m 11/2 5s 2S1/2 �0.08(3) [101]
111 1/2 107 1/2 5s6s 3S1 �0.18(4) [64]
111 1/2 109 5/2 5s6s 3S1 �0.12(1) [64]
111 1/2 111m 11/2 5s6s 3S1 �0.10(4) [64]
111 1/2 113 1/2 5s6s 3S1 �0.01(1) [64]
111 1/2 113m 11/2 5s6s 3S1 �0.08(1) [64]
111 1/2 115 1/2 5s6s 3S1 0.05(3) [64]
111 1/2 113m 11/2 5s6s 3S1 �0.09(2) [64]
111 1/2 107 1/2 5s5p 3P1 �0.0958(8) [95]

(continued on next page)
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The Jonas table …

Cs: very little data … 

J.R. Persson Atomic Data and Nuclear Data Tables 154 (2023) 101589

Table 1 (continued).
Element isotope 1 spin 1 isotope 2 spin 2 Atomic state/s-anomaly 1�2 (%) Reference

111 1/2 109 5/2 5s5p 3P1 �0.0912(7) [95]
111 1/2 113 1/2 5s5p 3P1 �0.00023(40) [47]
111 1/2 113m 11/2 5s5p 3P1 �0.0773(5) [47]
111 1/2 115 1/2 5s5p 3P1 0.244(65) [47]
111 1/2 115m 11/2 5s5p 3P1 �0.236(90) [47]
111 1/2 107 1/2 5s5p 3P2 �0.17(5) [64]
111 1/2 109 5/2 5s5p 3P2 �0.12(1) [64]
111 1/2 111m 11/2 5s5p 3P2 �0.08(4) [64]
111 1/2 113 1/2 5s5p 3P2 �0.00143(6) [60]
111 1/2 113 1/2 5s5p 3P2 0.00(1) [64]
111 1/2 113m 11/2 5s5p 3P2 �0.08(2) [64]
111 1/2 115 1/2 5s5p 3P2 0.01(2) [64]
111 1/2 115m 11/2 5s5p 3P2 �0.09(4) [64]

In 113 9/2 115 9/2 5p 2P1/2 0.00075(13) [57]
5p 2P3/2 �0.00238(13) [57]

Sn 115 1/2 117 1/2 5p2 3P1 0,0034(10) [50]
5p2 3P2 �0.0003(10) [50]

117 1/2 119 1/2 5p2 3P1 0.0049(10) [50]
5p2 3P2 �0.0009(10) [50]
5p2 1D2 +0.0001(10) [49]

Sb 121 5/2 123 7/2 5p3 4S3/2 �0.323(9) [62]
Xe 129 1/2 131 3/2 6s 2S1/2, s-anomaly 0.0440(44) [61]
Cs 133 7/2 131 5/2 5p56s 3P2, s-anomaly 0.45(5) [100]

133 7/2 134 4 6s 2S1/2, s-anomaly 0.169(30) [94]
133 7/2 134m 8 6s 2S1/2, s-anomaly �1.38(3) [54]
133 7/2 135 7/2 6s 2S1/2, s-anomaly 0.037(9) [94]
133 7/2 137 7/2 6s 2S1/2, s-anomaly 0.0018(40) [94]

Ba 135 3/2 137 3/2 5d6s 3D1 �0.205(7) [70]
5d6s 3D2 �0.179(22) [70]
5d6s 3D3 �0.188(17) [70]
5d6s 1D2 �0.212(26) [90]
Ba+ 6s 2S1/2, s-anomaly �0.191(5) [96]

La 138 5 139 7/2 5d6p 3D1 �0.35(23) [74][51]
Nd 143 7/2 145 7/2 s-anomaly 0.2034(63) [84]
Eu 151 5/2 145 5/2 s-anomaly �0.08(15) [86]

151 5/2 146 4 s-anomaly 0.12(50) [86]
151 5/2 147 5/2 s-anomaly �0.12(17) [86]
151 5/2 148 5 s-anomaly 0.08(31) [86]
151 5/2 149 5/2 s-anomaly �0.19(16) [86]
151 5/2 150 5 s-anomaly 0.08(28) [86]
151 5/2 152 3 s-anomaly 0.50(6) [86]
151 5/2 153 5/2 s-anomaly �0.64(3) [34]

Gd 155 3/2 157 3/2 s-anomaly 0.106(24) [84]
Dy 161 5/2 163 5/2 4f106s6p 5K8 0.019(16) [52]

4f106s6p 5K9 0.025(11) [52]
4f106s6p 5I8 �0.116(19) [52]
4f106s6p 5H7 �0.176(36) [52]

Yb 171 1/2 173 5/2 6s6p 3P1 �0.386(5) [38]
�0.3857(51) [28]

4f135d6s2 3P1 0.066(22) [38]
Yb+ 6s 2S1/2, s-anomaly �0.425(5) [63] [82]

Lu 175 7/2 176 7 5d6s2 2D3/2 0.02(15) [36]
5d6s2 2D5/2 0.19(15) [36]
5d6s6p 4P1/2 0.40(24) [99]
5d6s6p 4P3/2 1.62(25) [99]
5d6s6p 4P5/2 0.0(27) [99]
5d6s6p 4F3,5,7/2, s-anomaly 0.48(8) [75] , µI from [36]
6s28p 2P1/2 1.84(90) [99]
6s28p 2P3/2 0.55(22) [99]

175 5/2 177 7/2 s-anomaly �0.018(35) [36]
176 7 176m 1 s-anomaly 0.48(8) [36]

Re 185 5/2 186 1 5d56s2 6S5/2 �1.36(17) [26][44]
185 5/2 187 5/2 5d56s2 6S5/2 0.031(8) [26]
185 5/2 187 5/2 s-anomaly 0.027(5) [40]
185 5/2 188 1 5d56s2 6S5/2 �1.28(28) [26][44]

Ir 191 3/2 193 3/2 s-anomaly �0.64(7) [43]

Au 197 3/2 177 11/2 6s 2S1/2 - 6p 2p1/2 (�s � �p) 7.7(8) [30]
197 3/2 177 11/2 s-anomaly 11.4(14) [30]
197 3/2 185 5/2 s-anomaly 9.4(30) [30]
197 3/2 186 3 s-anomaly 3.1(51) [30]
197 3/2 187 1/2 s-anomaly 12.7(84) [30]
197 3/2 189 1/2 s-anomaly 9.4(59) [30]

(continued on next page)
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The Jonas table …

Fr: two papers by Orozco 

J.R. Persson Atomic Data and Nuclear Data Tables 154 (2023) 101589

Table 1 (continued).
Element isotope 1 spin 1 isotope 2 spin 2 Atomic state/s-anomaly 1�2 (%) Reference

197 3/2 189 11/2 6s 2S1/2 - 6p 2p1/2 (�s � �p) 6.0(10) [30]
197 3/2 189 11/2 s-anomaly 8.6(16) [30]
197 3/2 191 3/2 s-anomaly �1.2(14) [30]
197 3/2 191 11/2 6s 2S1/2 - 6p 2p1/2 (�s � �p) 7.9(8) [30]
197 3/2 191 11/2 s-anomaly 11.7(14) [30]
197 3/2 193 3/2 s-anomaly �0.5(11) [30]
197 3/2 193 11/2 6s 2S1/2 - 6p 2p1/2 (�s � �p) 7.6(6) [30]
197 3/2 193 11/2 s-anomaly 11.2(11) [30]
197 3/2 194 1 s-anomaly 1.8(33) [30]
197 3/2 195 11/2 6s 2S1/2 - 6p 2p1/2 (�s � �p) 7.5(8) [30]
197 3/2 195 11/2 s-anomaly 11.4(14) [30]
197 3/2 196 2 6s 2S1/2, s-anomaly 8.69(26) [92] [59]
197 3/2 198 2 6s 2S1/2, s-anomaly 8.53(8) [33] [59]
197 3/2 199 3/2 6s 2S1/2, s-anomaly 3.64(29) [33] [59]

Hg 199 1/2 193 3/2 6s6p 3P1 �0.61(3) [89]
199 1/2 193m 13/2 6s6p 3P1 �1.0552(13) [89]
199 1/2 195 1/2 6s6p 3P1 �0.1470(9) [89]
199 1/2 195m 113/2 6s6p 3P1 �1.038(3) [89]
199 1/2 197 1/2 6s6p 3P1 �0.0778(7) [89]
199 1/2 197m 13/2 6s6p 3P1 �1.021(3) [89]
199 1/2 199m 13/2 6s6p 3P1 –0.960(9) [89]
199 1/2 201 3/2 6s6p 3P1 �0.1467(6) [89]
199 1/2 6s6p 3P2 �0.15653(4) [89]
199 1/2 Hg+ , 6s 2S1/2, s-anomaly �0.16257(5) [39]
199 1/2 203 5/2 6s6p 3P1 �0.796(16) [89]

Tl 203 1/2 205 1/2 6p 2P1/2 0.01035(15) [76]
6p 2P3/2 �0.16258(10) [68]
7s 2S1/2 0.0294(81) [48]
7p 2P1/2 0.05(4) [88]

205 1/2 187 9/2 6p 2P1/2 - 7s 2s1/2 (�p � �s) 2.02(97) [29]
205 1/2 189 9/2 6p 2P1/2 - 7s 2s1/2 (�p � �s) 1.47(105) [29]
205 1/2 191 9/2 6p 2P1/2 - 7s 2s1/2 (�p � �s) 1.56(60) [29]
205 1/2 193 9/2 6p 2P1/2 - 7s 2s1/2 (�p � �s) 1.31(62) [29]

Pb 207 1/2 191 13/2 6p7s 3P1 - 6p2 1D2 �1.72(68) [85]
207 1/2 193 13/2 6p7s 3P1 - 6p2 1D2 �1.86(58) [85]
207 1/2 195 13/2 6p7s 3P1 - 6p2 1D2 �1.53(70) [85]
207 1/2 197m 13/2 6p7s 3P1 - 6p2 1D2 �1.68(123) [85]

Fr 212 5 206g 3 7s 2S1/2 - 7p 2P1/2 (�s � �p) 0.026(30) [103]
212 5 206m 7 7s 2S1/2 - 7p 2P1/2 (�s � �p) �0.058(27) [103]
212 5 207 9/2 7s 2S1/2 - 7p 2P1/2 (�s � �p) �0.349(29) [103]
212 5 208 7 7s 2S1/2 - 7p 2P1/2 (�s � �p) �0.014(46) [103]
212 5 208 7 7s 2S1/2 - 7p 2P1/2 (�s � �p) 0.032(38) [69]
212 5 209 9/2 7s 2S1/2 - 7p 2P1/2 (�s � �p) �0.368(29) [103]
212 5 209 9/2 7s 2S1/2 - 7p 2P1/2 (�s � �p) �0.339(31) [69]
212 5 210 6 7s 2S1/2 - 7p 2P1/2 (�s � �p) 0.009(32) [103]
212 5 210 6 7s 2S1/2 - 7p 2P1/2 (�s � �p) 0.007(28) [69]
212 5 211 9/2 7s 2S1/2 - 7p 2P1/2 (�s � �p) �0.334(31) [103]
212 5 211 9/2 7s 2S1/2 - 7p 2P1/2 (�s � �p) �0.331(34) [69]
212 5 213 9/2 7s 2S1/2 - 7p 2P1/2 (�s � �p) �0.328(34) [103]
212 5 221 5/2 7s 2S1/2 - 7p 2P1/2 (�s � �p) �0.704(42) [103]

Ra 211 5/2 213 1/2 7s 2S1/2 - 7p 2P1/2 (�s � �p) 0.6(2) [24]
221 5/2 213 1/2 7s 2S1/2 - 7p 2P1/2 (�s � �p) �0.3(8) [24]
223 3/2 213 1/2 7s 2S1/2 - 7p 2P1/2 (�s � �p) 0.6(5) [24]
225 1/2 213 1/2 7s 2S1/2 - 7p 2P1/2 (�s � �p) 0.4(3) [24]
225 1/2 213 1/2 7s 2S1/2 0.8(4) [27]
227 3/2 213 1/2 7s 2S1/2 - 7p 2P1/2 (�s � �p) 0.3(4) [24]
229 5/2 213 1/2 7s 2S1/2 - 7p 2P1/2 (�s � �p) 0.6(4) [24]

U 233 5/2 235 7/2 5f36d7s2 5L6 0.84(31) [67]
5f36d7s7p 7M7 1.32(31) [67]
5f36d7s7p 7L6 1.19(89) [67]
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What data exist for Fr and Cs?

• Two experimental Fr papers by Orozco (D1-line, MOT) 

•  Recent theoretical papers by Jacinda Ginges 

• Three experimental paper for Cs (1957, 1962, 1965) 



What do I suggest that we do?

• Extend the data for Fr, more isotopes …… 

• Do we know someone that independently measures 
nuclear moments? 

• Study the 7s-6d transition with doppler-free spectroscopy 
(see slides that will follow) 

• And think about also doing it for radioisotopes of Cs



Are d-states relevant in this context? 
• Measurements on Rb shows an anomaly also for d 

• There should be polarisation effects 

• Is the trend the same for s-d as for s-p? 

• If we trust the data for 7s, results on 7s-6d will improve also 
the understanding of p-states 

• Combination of data should improve knowledge of the nuclear 
structure 

• Octupole moments 

• Data on 6d needed for analyses of PNC 

• Comparison with theory (Ginges, Sahoo)



Two-photon spectroscopy

Fr
vω ω

Lab frame

Fr

ω1 = ω(1 − v/c)

Atomic frame
ω2 = ω(1 + v/c)

First-order doppler cancelled!



In an ion beam?
Two-photon spectroscopy have been done many 

times in cells and also in traps

On ion-beams, I find very little

VOLUME 47, NUMBER 21 PHYSICAL REVIEW LETTERS 23 NovEMBER 1981

Resonant Two-Photon Spectroscopy in a Fast Accelerated Atomic Beam
O. Poulsen and N. I. Winstrup

Institute of Physics, University ofAarhus, DK 800-0 Aarhus C, Denmark
(Received 13 July 1981)

Two-photon spectroscopy has been performed in a fast, accelerated atomic beam,
with a resolution limited only by the natural linewidth of the upper excited level. The
main feature of the experiment is the "creation" of a completely harmonic three-level
atom, by using the relativistic transformation between the laboratory and atom rest
frame. Thus resonant two-photon absorption, with a strength comparable to electric-
dipole transitions, takes place. The systematic effects of importance in spectroscopy
are investigated.
PACS numbers: 32.80.Kf

Nonlinear, Doppler-free spectroscopy has been
developed into a versatile tool for the study of
atoms and molecules. In high-resolution spectros™
copy, the two most used techniques are saturated
absorption' and two-photon absorption, ' both of
which eliminate the Doppler effect normally asso-
ciated with the spectroscopy of moving absorbers.
High spectral resolution can also be obtained in
collinear fast-beam laser spectroscopy" as a re-
sult of the velocity-bunching effect, which cools
the ions or atoms along the direction of propaga-
tion. Because of variations of the beam velocity,
the residual Doppler broadening can be eliminated
only by using the nonlinear techniques, and so
far, saturated absorption has been applied suc-
cessfully to fast-accelerated atom/ion beams. s'
It will be demonstrated in this work that high-

resolution, two-photon spectroscopy can be per-
formed on a fast, metastable atomic beam. The
main features are the creation of a completely
harmonic three-level atom, by using the relativis-
tic transformation between the laboratory and
the atom rest frames, followed by the absorption
of two opposite-running collinear laser fields (of
the same wavelength) by the fast-moving atoms.
The effects of a resonant intermediate state have
been studied experimentally by Bjorkholm and
Liao,' who used two different laser fields, where-
as Salomaa and Stenholm' and Brewer and Hahn'
have treated this totally resonant case theoretical-
ly,
In the experiment, shown in Fig. 1, a Ne'-ion

beam is charge exchanged in sodium vapor, pro-
ducing large amounts of the Bs[&j, metastable
level in Ne I. The velocity of this metastable lev-
el can be varied by applying a postacceleration
voltage V~ to the exchange cell. After the ex-
change, the Ne* atoms interact collinearly with
two counter-propagating laser fields. The scat-
tered light is monitored by a spectrometer and a

photomultiplier. The exciting-laser wavelength
is measured with use of a real-time fringe-coun-
ting interferometer' (A. meter) absolutely cali-
brated to within + 50 MHz and with a relative re-
producibility better than + 5 MHz.
The velocity of the fast Ne* j:metastable beam
is determined by using the ~ meter and observing
a single-photon transition, with the laser beam
eo-propagating and counter-propagating, respec-
tively, along the fast-atom beam. Thus we have
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FIG. 1. Experimental apparatus consisting of a 300-
kV isotope separator equipped with universal ion source
and postacceleration in connection with the charge ex-
change. Also shown is the stabilized dye laser and A,

meter.
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What would a CRIS experiment look like?

Narrow bandwidth cw-lasers, several isotopes 

6d HFS should be well resolved

Fr+
CEC

Fr

cw-laser

chopper

Fr 7s-6d ; 1232 nm   and   1217 nm

Fr 6s-5d ; 1384 nm   and   1370 nm

eg. tailor made ECDLs (add partner for lasers?)

7s

6d



A challenging project ….

• … but not ridiculously so 

• The method could (should) be tested on (for 
example) stable Cs at some other facility 

• This high-resolution method is absolutely not 
limited to Fr and Cs 

• An important methodological development in its 
own right



Practical issues:

When?   After CERN shut-down period, work on 
proposal and test on other facility can (should) 

begin much earlier

Who?   AK is willing to work on all parts of the 
project, but should not be PI; someone younger 

should be standard bearer



Thanks for your 
attention!!


